O xygenated cholesterol derivatives have been implicated in the pathogenesis of atherosclerosis. Several in vivo 1 " 3 and in vitro 4 " 6 studies have shown that autooxidation products of cholesterol, in particular 5-cholestene-3£,25-diol (25-hydroxycholesterol) and cholestane-3/3,5a,6/3-triol (5a,6£-dihydroxycholesterol), may be injurious to the arterial wall. Transmural necrosis 1 and endothelial cell injury 2 of the aortas of rabbits occurred after injection of these sterols. 5a,6/3-Dihydroxycholesterol decreased the barrier function of cultured porcine pulmonary artery endothelial cells, 5 and 25-hydroxycholesterol inhibited growth of human umbilical vein endothelial cells. 6 Both oxysterols were cytotoxic toward cultured rabbit aortic smooth muscle cells. 4 Purified cholesterol, on the other hand, had no deleterious effects. It has thus been suggested that oxygenated cholesterol derivatives rather than cho-lesterol may be important factors in initiation of atherosclerosis.
Some oxygenated sterols are also growth inhibitory and even strongly cytotoxic toward neoplastic cells. 7 " 9 7/3-Hydroxycholesterol exhibits cytotoxicity toward several malignant cell lines 7 " 9 and inhibits growth of other fast-growing cells.
1011 70,22-Dihydroxycholesterol inhibits development of mammary carcinoma in the rat and is cytotoxic to Ehrlich ascites tumor cells, 12 whereas the 7a-isomer is ineffective. The effects of these potent oxysterols on endothelial cells have not, however, been described. As endothelial cell injury may be an important factor in atherogenesis, 13 the possible role of oxygenated cholesterol derivatives in the atherogenic process was investigated by exposing cultured human umbilical vein endothelial cells to 7/3-hydroxycholesterol, 7a,22-dihydroxycholesterol, and 7/3,22-dihydroxycholesterol.
Methods

Materials
7/3-Hydroxycholesterol and cholesterol were obtained from Sigma Chemical Co., St. Louis, Mo. 5-Cholestene-3/3,22(7?)-diol (22-hydroxycholesterol) was isolated from the plant Narthesiiim ossifragum (L.) Huds.
14 7a,22-Dihydroxycholesterol and 7/3,22-dihydroxycholesterol were synthesized from 22-hy-droxycholesterol as previously described. 15 All sterols were purified by high-pressure liquid chromatography (HPLC) immediately before use. 2-Deoxy-D-[l-M C]glucose (2-DOG) (56 mCi/mmol) was purchased from Amersham, Buckinghamshire, U.K.
Cell Culture
Human umbilical vein endothelial cells were cultured according to Jaffe et al. 16 The cells were plated in 12-well tissue culture clusters (Costar, Cambridge, Mass.) using 1 ml RPMI 1640 supplemented with 20% fetal bovine serum (FBS) (Sigma), penicillin (50 units/ml), streptomycin (50 ^ig/ml), and L-glutamine (2 mM) (GIBCO, Paisley, U.K.). The medium was changed every second or third day. Primary cultures reached confluence after 3-7 days. Secondary cultures were established by treatment with trypsin/ EDTA (Flow, Irvine, U.K.) and used in all experiments when confluent. In some experiments, heparin (90 fig/ml, Novo Nordisk, Copenhagen, Denmark) and endothelial cell growth factor (10 ^-g/ml, Collaborative Research, Bedford, Mass.) were added to the plating-out medium of the secondary cultures. The cells were carefully washed on reaching confluence, and fresh medium without growth factor and heparin was added at the start of each experiment.
The sterols were dissolved in ethanol and added to the culture medium to give a stock solution of 200 jimol/1 sterol and 0.5% ethanol. The mixture was sonicated for periods of 10 seconds to produce a fine dispersion of the sterol. Lower sterol concentrations (5-100 ^,mol/l) were obtained by diluting the stock solution with medium. The cells in each well were incubated with 1 ml sterol-enriched medium. Control incubations were performed with medium to which vehicle only had been added. To estimate the incorporation of the oxygenated sterols, 3 H-labeled 7£-hydroxycholesterol kindly donated by I. Bj0rkhem, Huddinge, Sweden, was used as a marker. The cells were washed in veronal-buffered saline (VBS) before extraction. Nonspecific binding to the cells was measured on ice and subtracted.
At predetermined intervals, the cell cultures were examined by light microscopy. Viability of the cells was tested using Trypan Blue exclusion. The culture medium was removed for analyses (see below), and the cells were suspended in VBS and disrupted by sonication.
Lactate Dehydrogenase
In the conditioned media and in the disrupted cell suspension, lactate dehydrogenase (LD) was quantified by a photometric method. 17 The interassay coefficient of variation was 4.5%. Release of intracellular LD to the medium is expressed in percent total LD in medium and cells. Corrections have been made for the content of LD in fetal bovine serum, which was about 250 units/1.
Release of 2-Deoxy-D-[l-'"C]Glucose
2-DOG was assayed as described by Andreoli et al. 18 Confluent layers of endothelial cells were radiolabeled by incubation with 4.0x10* dpm 2-DOG/well for 18 hours. The cells were washed three times with medium and subsequently incubated with sterolcontaining medium or control medium for 1, 2, and 4 hours. Approximately 2.0% of the 14 C activity was retained in the cells after the radiolabeling procedure. At the end of each experiment, the monolayer was washed twice, and the cells were disrupted by Dounce homogenization. Radioactivity in aliquots of the supernatants, washes, and cell homogenates was measured in a Model 1500 Packard Tri-Carb liquid scintillation analyzer using Pico Fluor (0.1 ml sample:? ml), Packard Instruments, Downers Grove, 111.
Tissue Plasminogen Activator and Tissue Plasminogen Activator Inhibitor-1
Tissue plasminogen activator (t-PA) and t-PA inhibitor 1 (PAI-1) were measured by enzymelinked immunosorbent assays (ELISAs) (Biopool, Umea, Sweden) using the standards provided by the manufacturers. For the t-PA assay, the intra-assay coefficient of variation was 5.2% (n=40), and for PAI, 2.3% (n = 10).
von Willebrand Factor
von Willebrand factor (vWF) was measured by an ELISA after coating the plates with a rabbit antibody against vWF (Dakopatts, Glostrup, Denmark). One unit vWF antigen is defined as the quantity present in 1 ml pooled normal platelet-poor titrated plasma.
Tissue Factor Activity
Tissue factor activity (TFA) of the endothelial cell homogenates was measured as described. 19 
[ 3 H]Leucine Incorporation
General protein synthesis was monitored by [ 
Statistical Methods
Student's t test for paired observations was used.
Results
Incubations With 7fi-Hydroxycholesterol, 7a,22-Dihydroxycholesterol, and the Corresponding Ifi-homer
Exposure of endothelial cells to 7/J-hydroxycholesterol resulted in a time-and concentration-dependent injury ( Figure 1 , Table 1 ) demonstrable as contraction and detachment of cells. The presence of 0.5% ethanol did not cause visible endothelial cell perturbation. Exposure to 50 jtmol/1 70-hydroxycholesterol for 16-18 hours resulted in contraction of the cells and formation of randomly distributed intercellular gaps. At 200 p.mol/1, similar changes were already seen at 6 hours. At 12 hours, about 75% of the cells were detached from the substrate and floating freely in the medium. A majority of these detached cells showed uptake of Trypan Blue, indicating cell death. All the cells were floating in the medium after 18-24 hours. 7^-Hydroxycholesterol at 100 /imol/1 caused marked contraction and some detachment of the cells after 12 hours. After 24 hours, 80-90% of the cells were detached. The lowest concentrations studied, 5 and 25 janol/1, had no effect up to 24 hours.
Exposure of the cells to 7a,22-and 70,22 -dihydroxycholesterol resulted in principally the same morphological alterations as those seen for 7/3-hydroxycholesterol (Figure 1 ) with formation of intercellular gaps and gradual detachment of the cells. The effect was, however, delayed for some hours and required higher sterol concentrations ( Table 1) ; both sterols were less deleterious than 70-hydroxycholesterol.
7/^Hydroxycholesterol increased the release of intracellular LD into the culture medium (Figure 2) . Treatment for 12 hours with sterol concentrations at 75-200 Aimol/1 caused 50-70% release of LD, a significant increase as compared with the control cultures. After 24 hours, 85-90% of total cellular LD was released in the sterol cultures. Cells exposed to 50 ^mol/1 7/3-hydroxycholesterol also showed a marked increase in release of LD at 24 hours. In accordance with the microscopic appearance of the cells, no significant release of LD was recorded at 25 and 5 /xmol/1 concentrations of 7/3-hydroxycholesterol during 24 hours. In control incubations performed with 100 and 200 ^tmol/l cholesterol, no increased LD release appeared. The highest concentration of 7 a,22-dihydroxycholesterol induced a small increase in LD release at 12 hours, despite the absence of significant morphological changes. At 24 hours, LD release was marked, reaching 73% for 200 .mol/1, in agreement with the signs of cytotoxicity. 7/3,22-Dihydroxycholesterol at 200 /tmol/1 gave only a minor increase in the release of LD at 24 hours (32±10%, versus 24±2% in controls).
Measurement of release of 2-DOG is considered a sensitive in vitro assay for detecting endotheiiai cell FIGURE 
Bar graph of release of lactate dehydrogenase (LD) into the culture medium of endothelial cells incubated with 5-200 /imol/1 7 6-hydroxycholesterol ( • ) . Control cultures were treated with medium containing 0.5% ethanol ( • ) . LD in the medium is expressed as percentage of total LD in the medium and cells. Corrections were made for LD content in fetal bovine serum. Results are mean of duplicate wells from one experiment (5 and 50 fimol/l at 12 hours [h] and 25 fimol/l at 24 hours); remainder are mean±SEM of duplicate wells from five separate experiments. Numbers in bars indicate concentrations of 7fi-hydroxycholesterol (fimot/l).
damage, and under normal conditions, 9-12% of 2-DOG is released from the cells per hour. 18 We performed this assay in the time interval immediately after addition of the sterol-containing or control medium, but before the appearance of any light microscopic changes, to see if any early effects of the sterols were detectable. The release at 1, 2, or 4 hours was, however, not different from that in control cultures. The uptake of 7/3-hydroxycholesterol leveled off only between 4 and 10 hours (Table 2) and had thus not reached its maximum value until after 4 hours.
Untreated endothelial cells did not express any tissue TFA. The oxygenated cholesterol derivatives used in these experiments did not induce detectable TFA expression.
Among the three oxygenated cholesterol derivatives used in these experiments, 7^-hydroxycholesterol had the most marked cytotoxic effect on the endothelial cells. This sterol was therefore chosen for further investigation.
Both 100 and 200 ^mol/1 70-hydroxycholesterol gave a significant decrease in the release of t-PA and PAI-1 antigen at 12 and 24 hours (Table 3) .
At 50 /tmol/1 7)3-hydroxycholesterol, an increased amount of vWF antigen appeared in the medium after 24 hours. Higher concentrations of 7/3-hydroxycholesterol had no significant effect. At 48 hours, however, 50 ^mol/1 had no effect, whereas at 100 and 200 fimol/l, less vWF antigen was detected ( Figure  3 ). Using 100-200 jtmol/1 7a,22-dihydroxycholesterol and 200 pimol/1 of the 7£-isomer, we also Final concentration of 7/3-hydroxycholesterol in medium was 50 jtmol/1. Control values obtained at 0°C were subtracted. Numbers are mean of triplicate wells from one experiment.
observed a dose-and time-dependent decrease in the release of both t-PA and PAI-1 antigen (data not shown), concomitant with cell retraction and detachment (Table 1) . Control experiments showed that the presence of sterols did not at all interfere with the ELISAs used to measure release of t-PA, PAI-1, or vWF. The range of control values was similar to data obtained in other series of similar experiments.
To investigate the effect of 7/3-hydroxycholesterol on total protein synthesis, the incorporation of [ 3 H]leucine into total protein was measured. At 100 ^xnol/1, no effect on incorporation was seen at 12 hours, whereas at 200 /uinoVl, incorporation was reduced by 24% (mean of two experiments, each in triplicate wells). At 24 hours, incorporation was reduced by 69% and 79% at 100 and at 200 ^rnol/1, respectively. Discussion A number of studies suggest that damage to the endothelium may be an initial event in atherogenesis. 13 Oxidized or otherwise-altered low density lipoprotein (LDL) is also thought to play an important role in atherogenesis. 20 It is not clear, however, whether the harmful oxidation products are lipid 25 and 7/J-hydroxycholesterol is one important product. 26 The concentration of oxygenated cholesterol derivatives to which endothelial cells are exposed is poorly known. Since such compounds may be present in the diet and are easily absorbed, they may be present in very low density lipoprotein (VLDL) and LDL. In oxidized LDL, further enrichment of oxygenated cholesterol derivatives may occur and lead to a considerable concentration of such species in endothelial cells, taking up altered LDL by a nonregulatable scavenger receptor.
We have chosen to examine the effect of some naturally occurring oxygenated cholesterol derivatives on endothelial cell cultures. 7/3-Hydroxycholesterol was highly cytotoxic, as judged by morphology, LD and vWF (at 50 p.mol/1) release, and impairment of general protein synthesis, as well as by its inhibition of the synthesis of t-PA, PAI-1, and vWF (at 100 /xmol/1). It is interesting to note that cellular contraction and detachment, LD release, and inhibition of t-PA and PAI-1 synthesis appeared well before inhibition of general protein synthesis was detectable, so these observations are not simply consequences of cell death. The two other derivatives tested, 7o,22-and 7/3,22-dihydroxycholesterol, also showed similar effects at slightly higher concentrations and longer exposures. There were no detectable signs of cytotoxicity during the first 4 hours, suggesting a lag period before the effect was expressed.
Our experiments do not allow definite conclusions about the mechanism of action of the oxygenated cholesterol derivatives. Based on studies in other cells, it has been suggested that cellular growth and division are necessary for the inhibitory effect to be expressed. At the concentrations used in the present studies on endothelial cells, this is apparently not so. Endothelial cells in confluent cultures have a very small growth fraction, and the effects were already seen after 6 hours when such confluent cultures were used. Thus, a more direct effect seems likely, for example, via replacement of cholesterol in cellular membranes and subsequently altered membrane functions. This replacement may be enhanced via inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A reductase, at least by side-chain oxygenated sterols, 27 ' 28 causing reduced de novo cholesterol synthesis. Another observation of interest is the inhibition of the appearance of t-PA and PAI-1 antigens in the medium, which are detected earlier than the reduction of general protein synthesis (but not earlier than cell contraction).
On the other hand, no effect of 2-DOG on release was detected during the first 4 hours, and the uptake of 7/3-hydroxycholesterol did not level off until after 4 hours ( Table 2 ). One might speculate, then, that the critical time interval is after 4 hours, when the uptake of the oxygenated sterols is more or less complete, and before 6-12 hours, when the first morphological changes are visible, depending on the concentration of oxygenated sterols.
In conclusion, oxygenated cholesterol derivatives and perhaps especially 7/3-hydroxycholesterol, may well represent dietary risk factors in atherogenesis.
